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Reetane, transmittane and absorbane of a symmetri light pulse, the arrying frequeny of
whih is lose to the frequeny of interband transitions in a quantum well, are alulated. Energy
levels of the quantum well are assumed disrete, and two losely loated exited levels are taken
into aount. The theory is appliable for the quantum wells of arbitrary widths when the size
quantization is preserved. A distintion of refration indies of barriers and quantum well is taken
into aount. In suh a ase, some additional reetion from the quantum well borders appears
whih hanges essentially a shape of the reeted pulse in omparison to homogeneous medium.
The reetion from the borders disappears at some denite ratios of the arrying frequeny of the
stimulating pulse and quantum well width.
PACS numbers: 78.47. + p, 78.66.-w
I. Ââåäåíèå
The optial harateristis (reetane, transmittane
and absorbane) of a quantum well were alulated
? ? ? ?
for a symmetri light pulse. A narrow quantum well with
one exited energy level and a homogeneous medium
(when the refration indies of barriers ν1 and of a
quantum well ν are equal) were onsidered? . It was
assumed in
?
that ν = ν1 in a narrow quantum well
(QW) with two losely loated exited energy levels. A
wide QW (the QW's width is omparable with a light
wave length orresponding to the arrying frequeny of
the light pulse) at ν = ν1 is onsidered in
?
. A wide QW
with one exited energy level at ν 6= ν1 is onsidered in? .
It was shown that the heterogeneous medium inuened
essentially the shapes of the reeted and transmitted
pulses. The reeted pulses undergo the greatest hanges.
The present work is devoted to an investigation of
the time and spatial dependenies of the reetane
and transmittane of a symmetrial light pulse going
through a QW having a narrow doublet of the exited
energy levels and under ondition ν 6= ν1. This
question is of interest, sine the relaxation proesses of
the system inuene a distortion of the reeted and
transmitted pulses and the orrelation of lifetimes of
two exited energy levels. In a homogeneous medium,
the reeted pulse depends only on the resonane with
the disrete energy levels of the QW. If ν 6= ν1, an
additional reetion from the QW borders appears. An
interferene of the additional ontributions results in an
unonventional dependane of the optial harateristis
on the QW width.
It is assumed that the ontributions of the
radiative and nonradiative relaxation mehanisms may
be omparable at low temperatures, low impurity
doping and perfet QW boundaries. It means that
one have to take into aount all the orders on the
eletron - eletromagneti eld interation
? ? ? ? ? ? ?
.
The estimates
?
show that the preservation of the size
quantized energy levels is possible at kd ≥ 1 (d is
the QW width, k is the module of the wave vetor of
the eletromagneti wave orresponding to the arrying
frequeny of the light pulse). In suh a ase one has to
take into aount a spatial dispersion of waves omposing
the light pulse
? ? ?
.
A system of a semiondutor QW of type I loated in
the interval 0 ≤ z ≤ d and two semi-innite barriers
is onsidered. The system is situated in a onstant
quantizing magneti eld direted perpendiularly to the
QW plane xy and providing a disreteness of the energy
levels. A stimulating light pulse propagates along the z
axis from the side of negative values z. The barriers are
transparent for the light pulse whih is absorbed in the
quantum well to initiate the diret interband transitions.
The intrinsi semiondutor and zero temperature are
assumed.
The nal results for two losely spaed energy levels
of the eletroni system in a quantum well are obtained.
Eet of other levels on the optial harateristis may be
negleted, if the arrying frequeny ω ℓ of the light pulse
is lose to the frequenies ω1 and ω2 of the doublet levels,
and other energy levels are fairly distant. It is assumed
that the doublet is situated near the minimum of the
ondution band, the energy levels may be onsidered in
the eetive mass approximation, and the barriers are
innitely high. In partiular, the narrow doublet may be
realized by a magnetopolaron state
?
.
II. THE FOURIER-TRANSFORMS OF
ELECTRIC FIELDS OF TRANSMITTED AND
REFLECTED PULSES
Let us onsider a situation when a symmetri exiting
light pulse of a irular polarization propagates through
a single quantum well along the z axis from the side of
2negative values of z. Its eletri eld is as follows
E0(z, t) = eℓE0(z, t) + c.c.,
E0(z, t) = E0e
−iωℓ p
{
Θ(p)e−γℓ p/2
+ [1−Θ(p)]eγℓp/2
}
. (1)
Here E0 is the real amplitude, p = t− ν1z/c, eℓ = (ex ±
iey)/
√
2 is the irular polarization vetor, ex è ey are
the real unite vetors, Θ(p) is the Heaviside funtion,
ωℓ is the arrying frequeny of the light pulse, γℓ is the
pulse broadening, c is the light veloity in vauum. The
Fourier-transform of (1) is
E0(z, ω) = [eℓE0(ω) + e
∗
ℓE0(−ω)]eik1z,
E0(ω) =
E0 γℓ
(ω − ωℓ)2 + (γℓ/2)2 , k1 =
ν1ω
c
. (2)
The eletri eld at z ≤ 0 is a sum of the eletri
elds of the stimulating and reeted pulses. Its Fourier-
transform may be represented as
Eℓ(z, ω) = E0(z, ω) +∆E
ℓ(z, ω),
where ∆Eℓ(z, ω) is the eletri eld of the reeted pulse
∆Eℓ(z, ω) = eℓ∆E
ℓ(z, ω) + e∗ℓ∆E
ℓ(z,−ω). (3)
The transmitted pulse propagates in the region z ≥ d.
Its Fourier-transform is
Er(z, ω) = eℓE
r(z, ω) + e∗ℓE
r(z,−ω). (4)
The funtions ∆Eℓ(z, ω) and Er(z, ω) may be
onsidered as the salar amplitudes of monohromati
waves appearing as a result of the exiting
monohromati wave propagation through the QW.
The similar problem has been solved in the ase
when the interation of the eletroni system with the
eletromagneti wave ould not be onsidered as a weak
perturbation, as well as at kd 6= 0 and ν 6= ν1 and there
were two losely loated exited energy levels
?
.
It has been shown that
∆Eℓ(z, ω) = CRe−ik1z, z ≤ 0, (5)
Er(z, ω) = CT eik1z , z ≥ d, (6)
CR and CT determine the amplitudes of reeted
and transmitted waves, respetively. The following
expressions for them are obtained
CR = E0 ρ
∆
,
CT = 4E0ζ 1 + (−1)
mc+mve−ikdN
∆
e−ik1d, (7)
∆ = L−2(ζ−1)[(ζ+1)e−ikd+(−1)mc+mv (ζ−1)]N, (8)
ρ = 2i(ζ2 − 1) sin(kd) + 2[(ζ2 + 1)e−ikd
+ (−1)mc+mv(ζ2 − 1)]N. (9)
In (7) - (9) we used the designations
ζ = k/k1 = ν/ν1, k = νω/c,
L = (ζ + 1)2e−ikd − (ζ − 1)2eikd, (10)
mc(mv) is the eletron (hole) quantum number of the size
quantization. It was assumed that one pair of numbers
mc,mv orresponded to two diret interband transitions.
The dependane on the variable ω is determined by the
funtion N
N =
−i(−1)mc+mv (ε′/2) Ω0 eikd
ω˜1ω˜2 + i(ε/2) Ω0
. (11)
The designations
Ω0 = γr1ω˜2 + γr2ω˜1,
ω˜j = ω − ωj + iγj/2, γ˜rj = ε′γrj, j = 1, 2. (12)
are introdued in (11). Here ωj are the frequenies of
interband transitions on the doublet energy levels , γj
and γrj ∼ e2/(h¯c ν) are the radiative and nonradiative
broadenings of the doublet levels
?
.
The funtion N ontains the omplex value ε = ε′ +
iε′′? ? ?
ε =
∫ d
0
dzΦ(z)
{∫ z
0
dyeik(z−y)Φ(y)+
∫ d
z
dyeik(y−z)Φ(y)
}
.
(13)
It determines the inuene of the spatial dispersion on
the radiative broadening ε′γrj and shift ε
′′γrj of the
doublet levels.
Realizing a derivation of (13) we assumed the Lorentz
fore determined by the external magneti eld exeeded
the Coulomb and exhange fores inside of the eletron-
hole pair, and the dependane of the wave funtion of
the eletron-hole pair may be represented by the fator
Φ(z)? .
III. THE TIME DEPENDANCE OF THE
ELECTRIC FIELD OF REFLECTED AND
TRANSMITTED LIGHT PULSES
The time dependane of the amplitudes Eℓ(z, ω) and
Er(z, ω) is determined by well known formulas
∆Eℓ(z, t) ≡ ∆Eℓ(s) = 1
2π
∫ +∞
−∞
dωe−iω s∆Eℓ(z, ω),
s = t+ ν1z/c, (14)
Er(z, t) ≡ Er(p) = 1
2π
∫ +∞
−∞
dωe−iω pEr(z, ω),
p = t− ν1z/c. (15)
3It is seen from (7) and (8) that the amplitudes
∆Eℓ(z, ω) and Er(z, ω) have the idential denominators
and, aordingly, idential poles on the omplex plane ω.
Having used (2), (7)-(9) and (11), we obtain the eletri
elds in the integral form:
Er(p) =
2ζE0 γℓ exp(−ik1d)
πL
∫ +∞
−∞
dω
× U(ω) exp(−iωp)
[(ω − ωℓ) 2 + (γℓ/2) 2](ω − Ω1) (ω − Ω2) , (16)
∆Eℓ(s) =
E0 γℓ
2πL
∫ +∞
−∞
dω
× V (ω) exp(−iωs)
[(ω − ωℓ) 2 + (γℓ/2) 2](ω − Ω1) (ω − Ω2) , (17)
where
U(ω) = ω˜1 ω˜2 − ε′′Ω0/2, (18)
V (ω) = a ω˜1 ω˜2 +AΩ0/2. (19)
The designations
a = 2i(ζ2 − 1) sin(kd), (20)
A = ia ε− 2i(−1)mc+mv [ζ2 + 1+ (−1)mc+mv (ζ2 − 1)] ε′
(21)
are introdued in (19). The denominators of integrands
of (16) and (17) have four idential poles on the omplex
plane ω: ω = ωℓ ± iγℓ/2, ω = Ω1, ω = Ω2. The pole in
the upper semi-plane ω = ωℓ + iγℓ/2 denes the time
dependane at p(s) ≤ 0, three remainder poles are at
p(s) ≥ 0. The poles Ω1 and Ω2 have the view
Ω1(2) =
1
2
{
ω1 + ω2 − (i/2) [γ1 + γ2 + f(γr1 + γr2)]
±
[{
ω1 − ω2 − (i/2) [γ1 − γ2 + f(γr1 − γr2)]
}2
−f2γr1γr2
]1/2}
.(22)
The omplex oeient f = f2 + if1 enters in Ω1 and
Ω2 as ombinations f γr1 and f γr2,
f1 = ε
′′ − (−1)
mc+mvε′(1− ζ2) sin kd
1 + ζ2 + (−1)mc+mv(1− ζ2) cos kd, (23)
f2 =
2ε′ζ
1 + ζ2 + (−1)mc+mv (1− ζ2) cos kd. (24)
The mentioned above four poles determine the
resonant ontributions at the integration of (14) and (15).
There are a row of poles onneted with nulls of the
funtion L, situated on the lower semi-plane ω. However,
these poles are loated far away of the real axis, Îäíàêî
ýòè ïîëþñû ðàñïîëîæåíû äàëåêî îò âåùåñòâåííîé îñè,
and their ontributions may be negleted in omparison
with the resonant terms.
The time dependane of the eletri elds may be
represented as
Er(p) = (4ζE0/L){[1−Θ(p)]J1
+ (J2 + J3 + J4)Θ(p)} exp(−ik1d),
∆Eℓ(s) = (E0/L){[1−Θ(s)]K1 + (K2
+ K3 +K4)Θ(s)}, (25)
where
J1(2) =
U(ωℓ ± iγℓ/2) exp[−i(ωℓ ± iγℓ/2) p ]
(ωℓ − Ω1 ± iγℓ/2) (ωℓ − Ω2 ± iγℓ/2) , (26)
J3(4) = ∓
iγℓU(Ω1(2)) exp(−iΩ1(2) p)
(Ω1 − Ω2) [(ωℓ − Ω1(2)) 2 + (γℓ/2) 2]
(27)
K1(2) =
V (ωℓ ± iγℓ/2) exp[−i(ωℓ ± iγℓ/2) s ]
(ωℓ − Ω1 ± iγℓ/2) (ωℓ − Ω2 ± iγℓ/2) , (28)
K3(4) = ∓
iγℓ V (Ω1(2)) exp(−iΩ1(2) s)
(Ω1 − Ω2) [(ωℓ − Ω1(2)) 2 + (γℓ/2) 2]
. (29)
After the substitutions ω˜1, ω˜2 and Ω0, the funtions
U(ω) and V (ω) have the form
U(ω) = (ω − ω1 + iγ1/2)(ω − ω2 + iγ2/2)− (ε′′/2)
×[γr1(ω − ω2 + iγ2/2) + γr2(ω − ω1 + iγ1/2)], (30)
V (ω) = a (ω − ω1 + iγ1/2)(ω − ω2 + iγ2/2) + (A/2)
×[γr1(ω − ω2 + iγ2/2) + γr2(ω − ω1 + iγ1/2)]. (31)
Obtaining (22) äëÿ Ω1, Ω2 we assumed that ωℓ was
lose to the resonant frequenies ω1 and ω2. Therefore
the parameters k and k1 are k = νωℓ/c, k1 = ν1ωℓ/c.
The analogial approximation was used in
?
.
IV. EXTREME CASES
It follows from (25) and (31) that ∆Eℓ(s) may be
represented as a sum of two summands whih are
proportional to a and A, respetively. The oeient a
equals 0 in two extreme ases: if ζ = 1 (the homogeneous
medium approximation), or kd = 0 (a narrow QW). The
seond summand equals 0, if γr1 = γr2 = 0. Hene, one
may onlude that the rst summand is stipulated by
reetion from the QW boundaries, and the seond by
the resonane with the QW energy levels.
It is seen from (13), (23) and(24) that in the ase kd =
0 ε′′ = f1 = 0, ε
′ = 1, f2 = ζ (if mc + mv is an even
number) and f2 = 1/ζ (mc + mv is an odd number).
Thus, in suh ase γr1 è γr21 are renormalized by the
4fator ζ (or ζ−1), and in the rest the formulas for the
elds oinide with the formulas obtained in
?
. If ζ =
1, kd 6= 0, (16) and (17) pass into the formulas obtained
in
?
.
Below a alulation is being provided for the ase
γr1 = γr2 = γr, γ1 = γ2 = γ.
Suh equality is possible, for instane, if the doublet
is formed by a magnetopolaron when the ylotron
frequeny is equal to the longitudinal optial phonon
frequeny
?
. In suh limiting ase Ω1(2) (22) equal:
Ω01(2) =
1
2
[
ω1+ω2− i(γ+fγr)±
√
(ω1 − ω2)2 − f2γ2r
]
.
(32)
For an homogeneous medium (ζ = 1) it follows from
(23) and (24) that f = ε and Ω01(2) oinides with
the analogial formulas from
?
. Thus, a transition to
a heterogeneous medium leads to the replaement in
the resonant denominators in formulas (26) - (29) the
funtion ε by the oeient f whih inuenes now the
shift f1 and the radiative broadening f2 of the doublet
energy levels. The analogial situation, as it is seen from
(22), takes plae and in the general ase γr1 6= γr2, γr 6=
γr.
For the sake of onveniene of numerial alulations,
let us go to the new variables
Ω = ωℓ − ω1, ∆ω = ω1 − ω2, β01 = Ω01 − ω1,
β02 = Ω02 − ω1, (33)
(with the help of these variables the number of
the independent parameters in expressions for optial
harateristis diminishes on one), and to introdue also
the resonant frequeny
Ωres ≡ Re β01 = 1
2
[
−∆ω+ f1γr+Re
√
∆ω2 − f2γ2r
]
,
(34)
orresponding to the interband resonant transition with
the frequeny ω1, renormalized by the radiative shift.
In this extreme ase, the eletri elds take the form
Er(p) = (4ζE0/L)e
−i(k1d+ωℓp){[1−Θ(p) ]J01
+ (J02 + J03 + J04)Θ(p)},
∆Eℓ(s) = (4E0/L)e
−iωℓs{[1−Θ(s)]K01
+ (K02 +K03 +K04)Θ(s)}, (35)
J01(2) =
exp(±γℓ p/2) U0(Ω± iγℓ/2)
(Ω− β01 ± iγℓ/2) (Ω− β02 ± iγℓ/2) , (36)
J03(4) = ∓
iγℓ exp[i(Ω− β01(2)) p ] U0(Ω01(2))√
∆ω2 − f2γ2r [(Ω− β01(2)) 2 + (γℓ/2) 2 ]
,
(37)
K01(2) =
exp(±γℓ s/2) V0(Ω± iγℓ/2)
(Ω− β01 ± iγℓ/2) (Ω− β02 ± iγℓ/2) , (38)
K03(4) = ∓
iγℓ exp[i(Ω− β01(2)) s ] V0(Ω01(2))√
∆ω2 − f2γ2r [(Ω− β01(2))2 + (γℓ/2)2 ]
.
(39)
Instead of (30) and (31) the funtions
U0(ω) = (ω + iγ/2)(2ω +∆ω + iγ)
− (ε′′γr/2)(2ω +∆ω + iγ), (40)
V0(ω) = a(ω + iγ/2) (ω +∆ω + iγ/2)
+ (A γr/2)(2ω +∆ω + iγ), (41)
appear, where a and A are determined in (20), (21).
It is of interest a ase when γr1 = γr2 = 0,i.e.,
the interation of the eletromagneti waves with
the eletroni system is absent. It may happen for
the frequenies faraway from the resonane when the
absorption is negleted. In suh a ase it follows from
(25) - (31) that
Er(p) = (4ζ/L)E0(z, t), ∆E
ℓ(s) = (a/L)E0(z, t),
(42)
where E0(z, t) is the salar amplitude of the eld of
the exiting pulse (1). Thus, for an transparent QW
the eletri elds of transmitted and reeted pulses
are proportional to the eld of the exiting pulse. The
orresponding oeients depend on ζ and kd.
V. REFLECTION, TRANSITION AND
ABSORPTION OF THE EXCITING PULSE
The energy ux S(p), orresponding to the eletri
eld of the exiting pulse, is dened as
?
S(p) = (ez/4π)(c ν1)(E0(z, t))
2 = ezS0P(p), (43)
where S0 = cν1E
2
0/(2π), ez is the unite vetor along the
axes z. The dimensionless funtion P(p) determines the
spatial and time dependenies of the energy ux of the
exiting pulse,
P(p) = (E0(z, t))
2
S0
= Θ(p)e−γℓp + [1−Θ(p)]eγℓp. (44)
Transmitted (on the right of the QW) and reeted (on
the left of the QW) uxes are determined as
Sr(z, t) =
ez
4π
cν1(E
r(z, t))2 = ezS0T (p),
Sℓ(z, t) = − ez
4π
cν1(∆E
ℓ(z, t))2 = −ezS0R(s), (45)
dimensionless funtions T (p) and R(s) determine the
parts of the transmitted and reeted energy of the
stimulating pulse. The energy part A(t), onentrated
inside of the QW, is being absorbed or irradiated again.
It is dened by the obvious expression
A(p) = P(p)−R(p) − T (p) (46)
5(sine for reetion z ≤ 0, the variable in R is s = t −
|z|ν/c).
In the limiting ase γr1 = γr2 = γr A = 0, T =
|4ζ/L|2P(t), R = |a/L|2P(t), where P (t) orresponds to
the stimulating pulse. Taking into aount (10) we obtain
R(t) = (ζ
2 − 1)2 sin2(kd)
4ζ2 cos2(kd) + (ζ2 + 1)2 sin2(kd)
P(t),
T (t) = 4ζ
2
4ζ2 cos2(kd) + (ζ2 + 1)2 sin2(kd)
P(t). (47)
Thus, in this limiting ase R is the reetane of a
transparent plate and equals 0 at kd = 0, π, 2π....
For the alulations one has to dene the funtion
Φ(z), from the denition of ε (13). Φ(z) was hosen as
Φ(z) = (2/d) sin(πmcz/d) sin(πmvz/d), 0 ≤ z ≤ d
and Φ(z) = 0 in the barriers, what orresponds to the free
eletron-hole pair. In the ase of hosen above Φ(z) ε′ and
ε′′, aording to (13), are equal
ε′ = 2B2[1− (−1)mc+mv cos(kd)],
ε′′ = 2B
((1 + δmc+mv )(mc +mv)2 + (mc −mv)2
8mcmv
−(−1)mc+mvB sinkd− (2 + δmc+mv )(kd)
2
8π2mcmv
)
, (48)
B = 4π
2mcmvkd
[π2(mc +mv)2 − (kd)2] [(kd)2 − π2(mc −mv)2]
VI. CALCULATION RESULTS AND
DISCUSSION
The poles Ω1 and Ω2 (22) determine the resonant
frequenies Re Ω1,2 and shift Im Ω1,2 of the doublet
levels. In the limiting ase of a homogeneous medium and
a narrow QW Ω1,2 oinide with values (Ω − iG/2)1(2)
obtained in
?
. The broadenings γri of the doublet levels
enter into eletri elds of the pulse as ε′ γri and ε
′′γri.
In the ases of the monohromati and pulse irradiation
in a homogeneous medium ε′ γri and ε
′′ γri determine
the broadening and shift of the doublet levels
? ? ?
. In
the onsidered above general ase of the pulse irradiation
and heterogeneous medium, Ω1 and Ω2 ontain f1γri and
f2γri whih depend on parameters kd and ζ and on ε
′ γri
and ε′′ γri. Thus, the view of funtions f2 and f1 inuene
the radiative shift and broadening of the energy levels.
If ζ = 1, kd 6= 0, then f1 = ε′′, f2 = ε′. In the ase
kd = 0 the level shift is absent, and the broadening is
determined by values ζγri. Sine at kd 6= 0 γri ∼ ν−1,
then ζγri ∼ ν−11 and is some broadening at zero width of
a QW
?
.
In Fig.1 f1 from (23) (whih is onneted with the
shift of the doublet energy levels) is represented as a
funtion of kd for dierent values ζ. It is seen that f1 = ε
′′
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èñ. 1: f1 as funtion of kd (23)) at dierent values ζ = ν/ν1.
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èñ. 2: f2 as funtion of kd (24) at dierent values ζ = ν/ν1.
in the points kd = 0, π, 2π..., i.e.,the inuene of the
heterogeneous medium on the level shift disappears. f2
((24)) as a funtion of kd is represented in Fig.2. The
largest deviation f2 from ε
′
takes plae in the points
kd = 0, π, 2π...f2, sine in these points f2 = ζ.
The funtions R,A and T were alulated for γr1 =
γr2 = γr, γ1 = γ2 = γ aording to (35). It
was assumed the diret interband transition with the
quantum numbers mc = mv = 1. It is shown in gures
hanges in time of the optial harateristis of a QW at
passing of a light pulse for dierent values of parameters
kd and ζ = ν/ν1. Sine the funtions R and T are
the homogeneous funtions of the broadenings and of
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èñ. 3: The reetane R as a funtion of time for a narrow
(in omparison to ∆ω) stimulating pulse (∆ω = 0.0065 eV )
and small radiative broadening γr ≪ γ, γℓ.
frequenies ω1, ω2, ωℓ, then the hoie of the measuring
units is unonditioned. All the values are expressed in eV
for the sake of ertainty. All the urves R, T and A are
obtained for the ase Ω = Ωres, where Ω and Ωres are
determined by the formulas (33), (34).
The reetane R for an narrow in omparison with
∆ω stimulating pulse and a small radiative broadening
(γr ≪ γ, γℓ) is represented in Fig.3. All the urves
orrespond to the value kd=1.5. In suh a ase, as it
follows from Fig.1,2, the radiative broadening is lose
ε′γr and weakly dependant on ζ. On the other hand, the
radiative shift of energy levels f1 = ε
′′− (1− ζ2)/(1+ ζ2)
depends substantially on the parameter ζ. It is seen that
the reetane hanges radially for an homogeneous
medium (ζ = 1) in omparison with a heterogeneous
medium (ζ 6= 1). For instane, at ζ = 1.3 the reetane
in maximum inreases 25 times in omparison with the
ase of ζ = 1, at ζ = 0.7 - 50 times. The sharp inreasing
of R is a manifestation of light reetion from the QW
borders whih equals 0 at ζ = 1.
An analogial situation is shown in Fig.4,5, whih
demonstrate a ase of a light pulse of a middle duration
when γℓ ∼= ∆ω and γr ≪ γ ≪ γℓ. In Fig.4 (kd = 0)) a
reetion from boundaries is absent and a dependene of
the reetane on ζ is determined only by the parameter
ζγr. In Fig.5 (kd = 1.5), where the reetion from the
boundaries is essential, there is a sharp inreasing of
reetion in omparison with the ase of kd = 0: the
ratio of R(ζ 6= 0)/R(ζ = 0) in maximum inreases in 200
times (γ = 1.3) and in 1100 times (ζ = 0.5) ðàç.
Figs.6, 7, 8 demonstrate an inuene of a
heterogeneous medium on the transmittane T and
on the energy part aumulated by the QW in the
resonant transitions A. In Fig.6 the parameters γℓ, γ,
= 0.005 eV
r
 = 0.00005 eV
  = 0.0005 eV
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t(s,p) ps
6.104
4.10-4
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210-1
èñ. 4: The time dependane of the reetane R for an
exiting pulse of a middle duration (∆ω = 0.0065eV, γℓ =
0.005eV ). The reetion from the QW borders is absent
(kd = 0).
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èñ. 5: The time dependane of the reetane R for an
exiting pulse of a middle duration (∆ω = 0.0065eV, γℓ =
0.005eV ). The reetion from the QW borders is maximal
(kd = 1.5).
γr are the same as in Fig.3, and in Fig.7, 8 they are
the same as in Fig.4, 5. In Fig.6 the urves T (p) are
represented for kd = 1.5, when a boundary reetion
is largest one. At kd = 0 and kd = π that reetion
disappears and an inuene of ζ inuenes weakly on
T (p). In Fig.7, 8 the urves T and A are alulated for
kd = 0. In suh a ase, the dependenies T (p) and A on ζ
are stipulated only by the parameter ζγr. There appears
a generation (a negative absorption) after pulse passing
70,0
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èñ. 6: The transmittane T in the ase of maximal reetion
from the QW borders (kd = 1.5). The parameters are the
same as in Fig.4, 5.
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èñ. 7: The time dependane of the transmittane T in the
ase of narrow quantum wells (kd = 0), when the reetion
from the QW borders is absent. ∆ω = 0.0065eV .
(Fig.8). The generation is stipulated by that that the
eletroni system does not absorb or radiate ompletely
the energy, aumulated in resonant transitions during
the time the pulse passes through the QW.
It is follows from the results represented above that
taking into aount the dierenes of the refration
indexes of the QW and barriers inuenes notieably the
reetane. It is most strong when a reetion, stipulated
by the resonant transitions in the QW, is a small value.
The reetion from the QW boundaries depends on kd
= 0.005 eV
r
=0.00005 eV
 = 0.0005 ev
1.3
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1
0.70.5
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èñ. 8: The time dependane of the absorbane A in the ase
of narrow quantum wells (kd = 0), when the reetion from
the QW borders is absent. ∆ω = 0.0065eV .
and disappears at kd = pπ, where p is an integer. In these
points the system QW - barriers looks like a homogeneous
medium. A distintion from a homogeneous medium is
only in a substitution of the radiative broadening ǫ′γr by
ǫ′ζγr.
The QW optial properties are like the optial
properties of a plate with the parallel borders inserted
into a medium with dierent refration index. Indeed,
if an absorption is small (for instane, if a arrying
frequeny is far away from the resonant frequenies of
absorption ), then R and T are desribed by (47), whih
is just fair for suh a plate under a pulse irradiation . A
sharp derease of reetion in the points kd = pπ takes
plae also nearby the resonant absorption frequenies.
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